L. Introduction
Quantum information science promises information processing and transmission capabilities far beyond what is achievable using classical physics. In paricular, quantum computing has the potential to solve problems, which are intractable on classical computers. Processing quantum infbomation requires quantum gates designed to implement unitary transformations on up to a few qubits. In practice, experimental quantum gates perform a process which approximates the desired unitary operation and usually includes some decoherence. Characterizing these quantum processes is critical for all applications and can be achieved through quantum process tomography (QPT) [ 
Modeling mode-matching effects
Modeling mode-matching effects in an optical circuit necessitates the introduction of a representation for photons, which explicitly captures their spatio-temporal structure. Thus we introduce the representation jy)= JK(k)atdk1O) k where x(k) is the distribution function ofthe photon wave-packet across some degree of freedom k, and at is the single photon creation operator at the corresponding infinitesimal position in that degree of freedorm It can be shown [9] that a single degree of freedom is sufficient to model arbitrary mode-matching effects in optical circuits. We assume K(k) to be Gaussian distributed for simplicity. Arbitrary forms could be chosen for ic(k), however, specifically using Gaussians does not affect the generality of the model.
Mode-matching manifests itself in optical circuits through the introduction ofphoton distinguishability. We therefore model mode-matching effects through the introduction of displacements (i.e. distinguishability) into the photon distribution function K(k). In Fig 1 these [10] , we are able construct a system of equations, which can be inverted to estimate the mode-matching parameters. We use the input states 00), 01), I 110), 1 ), I + +), I + -), -+), --) and the corresponding measurement bases (i.e. a total of 64 measurements), where 1±) = E-0) ± 1)) and J 0),| 1)} are the computational basis states. The inferred modematching parameters are then substituted back into the gate model to produce an optimized model. We introduce two measures, which quantify the error between the actual experimental gate and the gate model. 
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We perfonn QPT on the (globally) optimised gate model. Because the model is inherently physical and selfconsistent, this naturally yields a physical process matrix and no maximum-likelihood estimation procedure is required. Comparing the process predicted by our QPT procedure with the ideal CNOT process yields a process fidelity [5, 6 ,1 1] of Fp=0.88. This is consistent with the process fidelity predicted using the standard maximumlikelihood approach of Fp=0.87. Comparing the processes predicted using the two different QPT procedures yields a process fidelity of Fp=0.95. In other words, using our approach, we predict essentially the same process as with conventional techniques, using a far smaller data set (64 measurements instead of 256). More importantly, the parameters which characterize the gate have a direct physical interpretation and serve as a useful experimental diagnostic tool.
Conclusion
We have introduced an approach for characterizing the process of optical quantum gates by describing them in an extended Hilbert space, which includes non-qubit (i.e. spatio-temporal) degrees of freedom. Using such a model we can infer the mode-matching characteristics of an experimental gate. These parameters completely characterize the gate and can therefore be used as a basis for performing QPT using a far smaller data set than would ordinarily be required. The process predicted from our model was shown to be highly consistent with the maximum-likelihood approach. Additionally, we demonstrated that by expanding the assumptions as to the physical nature of the quantum processes taking place, one can significantly improve the agreement between the model and experiment. In our case, we showed that input state dependent effects contribute significantly to loss ofgate fidelity. Importantly, although our approach was demonstrated by example of an optical quantum gate, it can be generalized to other quantum computing architectures, by first identifying the significant physical processes and constructing suitable gate models.
